This review discusses the information which can be obtained by cardiac pacing in patients with the WolffParkinson-White syndrome. Programmed electrical stimulation when combined with the recording of intracardiac electrograms and surface electrocardiograph leads, can be extremely useful in the following areas. I) Determining the type of the accessory atrioventricular connexions; 2) determining the electrophysiological properties of the accessory atrioventricular pathway; 3) localizing the position of the accessory atrioventricular pathway; 4) determining the mechanisms of any tachycardia; 5) assessing effect of drugs; 6) identifying patients likely to be at high risk; and 7) evaluating postoperative conduction.
The introduction of epicardial mapping (Durrer and Roos, I967) and programmed electrical stimulation of the heart (Durrer et al., I967) into clinical cardiology has resulted in a better understanding of the Wolff-Parkinson-White (WPW) syndrome and its therapy. Our opinions on the value and limitations of epicardial excitation mapping have recently been published (Wellens et al., 1974a) . The purpose of the present article is to review information which can be obtained by programmed electrical stimulation of the heart in patients with the WPW syndrome and to consider its uses. The techniques of programmed electrical stimulation will first be described and the possible substrates for ventricular pre-excitation will then be reviewed. Thereafter the way in which it is possible to locate the position of an accessory pathway and determine its electrophysiological properties, how the mechanism of tachycardia can be elucidated, how it is possible to study the effect of drugs on pre-excitation and how patients at high risk may be identified, and finally how programmed electrical stimulation may be used for postoperative evaluation will be described.
Technique
Programmed electrical stimulation of the heart demands the use of electrode catheters and a stimulator. The catheter, preferably a bipolar one, is inserted, usually by means of the Seldinger technique, into either a femoral or an antecubital vein. The tip of the catheter is positioned, under fluoroscopic control, at the desired intracardiac location and connected with the stimulator. Care must be taken that the stimulator is electrically safe for the patient (Starmer, Whalen, and McIntosh, I964; Burchell and Sturm, I967 ) and accurate. It should have the capabilities of providing the following (Wellens (197I) ): I) regular pacing of the heart at different frequencies; 2) an extra stimulus at any desired interval during regular pacing and following any desired number of paced beats (the 'single test stimulus' method); and 3) the possibility of insertion of a stimulus at any desired moment in the cardiac cycle during a spontaneous rhythm.
It is necessary to record a His bundle electrogram (Scherlag et al., I969) , an intracavitary right atrial lead, and at least two extremity leads and two praecordial leads. If anatomical localization of the accessory pathway is necessary (e.g. to allow subsequent surgical interruption of the bypass), then either a left atrial endocavitary electrogram or a recording from the coronary sinus should also be registered.
I. Anatomical substrates for pre-excitation
In pre-excitation, apart from the usual AV pathway, extra atrioventricular connexions are thought to be present. If one starts from the concept that the AV junction can be divided into an AV node (composed of the compact node and a zone of transitional cells), a penetrating part of the AV bundle, a branching part of the AV bundle, and the bundlebranches (Hecht et (I974), while James (I963) described intranodal bypass routes.
In the absence of studies which correlate anatomical with electrophysiological findings many inconsistencies exist between the anatomical presence and electrophysiological significance of these accessory connexions. Based upon our speculations as to how connexions in these locations should behave electrophysiologically, one would expect the following changes during electrical stimulation of the different types of accessory connexions.
A) An accessory atrioventricular pathway When the single test stimulus method is used during atrial pacing, increase in prematurity of the test pulse results in an increase in area of the ventricle activated via the bypass. This is because the AV nodal transmission time (the AH interval) increases with increasing prematurity of the given atrial premature beat while conduction through the bypass (the atrium to delta interval) stays constant. As pointed out by Castellanos et al. (I970) , during this type of stimulation the His bundle electrogram, which signals impulse transmission over the AV node-His pathway characteristically comes progressively later after the beginning of ventricular activation via the bypass. The localization of the His bundle electrogram relative to the beginning of the delta wave during sinus rhythm and basic driving of the atrium will depend upon: a) AV nodal transmission time, itself influenced by the rate-dependant electrophysiological properties of the AV node; b) the distance between site of impulse formation in the atrium and atrial end of the bypass tract; c) conduction velocity in the bypass (probably related to the thickness of the bypass); and d) the length of the bypass. From this it immediately follows that an accessory atrioventricular pathway (and therefore a WPW syndrome) can exist in the absence of the classical WPW criteria on the standard electrocardiogram. For example the P delta interval may be more than O.I2 s if the atrial end of the bypass is activated late (localization in the left atrium or because of intraatrial conduction delay) or the QRS duration may be less than o.i2 s ifpre-excitation ofthe ventricle starts late in relation to ventricular activation through the group.bmj.com on June 22, 2017 -Published by http://heart.bmj.com/ Downloaded from Contribution of cardiac pacing to our understanding of the Wolff-Parkinson-White syndrome 233 AV node-His axis (Slama, Coumel, and Bouvrain, I973 It has been shown by Coumel et al. (I972) that more than one bypass tract can exist in the same heart, a state of affairs which obviously complicates the study and treatment of these patients. Both
Josephson, Caracta, and Lau (I974) and Spurrell, Krikler, and Sowton (I975) showed that both rightand left-sided pathways could be operative in the same patient. Furthermore it was suggested by Spurrell et al. (I975) that during tachycardia a different accessory pathway was used than that during AV conduction in sinus rhythm or atrial pacing.
2. Electrophysiological properties of the accessory AV pathway In contrast to the AV node, where the effective refractory period (defined as the shortest atrial premature beat interval followed by conduction through the AV node) lengthens with increasing driving rates, the effective refractory period of the bypass usually shortens with increased driving rates. This is important because it indicates that while the AV node becomes more effective as far as protecting the ventricle against high atrial rate is concerned, the accessory pathway might lack this effect of protection against increase in heart rate. As stated earlier, a true AV bypass tract is not characterized by lengthening of the atrium to delta interval following atrial test stimuli given with increasing prematurity. When AV conduction is stressed in patients with the WPW syndrome by pacing the atrium at increasing rates, the differences in pattern of conduction through the node and through the accessory pathway can be demonstrated by registering the sequence of different degrees of AV block in the two pathways (Table I ). (Roelandt et al., 1973; Wellens and Durrer, I973b) .
Very rarely Wenckebach type conduction delay can be observed in the accessory pathway. We have observed two such examples in 92 patients with WPW in whom stimulation studies were performed (Wellens and Durrer, 1973b) . It is essential to exclude intra-atrial conduction delay, which might mimic this phenomenon (Castellanos et al., 1972; Narula, Runge, and Samet, I972) .
By using the single test stimulus method during ventricular pacing, patterns of ventriculoatrial (VA) conduction can also be studied (Wellens and Durrer, I974a). The following patterns of VA conduction in the WPW syndrome can be recognized; i) conduction via the accessory pathway (AP) only; 2) conduction by both the AP and the His-AV nodal (H-AV) pathway, with either a) the AP having the shortest refractory period, b) the H-AV pathway having the shortest refractory period, or c) with identical refractory periods for both pathways. In the last situation, because of the shorter time interval required for passage of the impulse through the AP, it will be impossible to distinguish this pattern from the first; 3) conduction via the H-AV pathway only; 4) absence of VA conduction (both the AP and the H-AV pathway being blocked).
In our series the most common pattern of VA conduction found was the one characterized by no significant change in VA conduction time following test stimuli given with increasing prematurity (6i out of 92 patients). This pattern suggests either exclusive VA conduction by way of the accessory pathway, conduction through an accessory pathway with a shorter refractory period than the H-AV node pathway, or identical refractory periods in both pathways. It is of interest to note that 8 of 92 patients who showed AV conduction over both pathways during atrial pacing had no VA conduction over either pathway during ventricular pacing! An example of a progressive increase in VA conduction time over the AV nodal pathway followed by reentry over the accessory pathway is shown in Fig. 2 . Fig. 3 Fig. 3 , IO of the ii patients showed a shorter refractory period of the bypass during ventricular pacing. The possible explanations of this phenomenon are discussed elsewhere (Wellens and Durrer, 1974a ). An example of this situation is given in Fig. 5 .
Comparison ofthe effect ofright and left atrial pacing on QRS configuration should also be helpful in differentiating between an accessory AV pathway and a nodoventricular accessory connexion which short circuits an important part of the delay producing area of the AV node. In the former QRS complex configuration will differ during right and left atrial pacing at identical pacing rates. In contrast, such differences would not be observed in the latter situation because an area of AV nodal tissue precedes the accessory connexion. Recording right and left atrial (either from the left atrial cavity or from the coronary sinus) activation simultaneously during ventricular pacing to produce retrograde conduction can give information on the location of the atrial end of the bypass. This should preferably be combined by recording atrial activation from the His bundle lead in the vicinity of the AV node. Left atrial activation which precedes actrial activation low on the interatrial septum and in the right atrium is a strong argument in favour of a left atrial origin of the bypass (Zipes, Dejoseph, and Rothbaum, I974; Svenson et al., I974; Wellens and Durrer, I974d) .
When left and right atrial activation are recorded during tachycardia simultaneously with low right atrial activation in the His bundle lead, it is frequently possible to determine whether the accessory pathway is incorporated in the tachycardia circuit (Wellens and Durrer, I974d). group.bmj.com on June 22, 2017 -Published by http://heart.bmj.com/ Downloaded from the tachycardia to be perpetuated, it is necessary for the tachycardia pathway length to be longer than the product of mean conduction velocity of the circulating impulse and the mean refractory period of the tachycardia pathway (Mines, 19I3). Durrer et al. (I967) validated these postulated theories by using programmed electrical stimulation of the heart in patients with the WPW syndrome. They were able to demonstrate that during atrial pacing a critically timed atrial premature beat was blocked in the accessory pathway and exclusively conducted to the ventricle over the AV node. After activation of the ventricle, re-excitation of the atrium occurred over the accessory pathway. If this movement was perpetuated, then tachycardia resulted. A similar type of tachycardia could be initiated by an appropriately timed ventricular premature beat during ventricular pacing. Tachycardias could not only be initiated by critically timed premature beat but also terminated by a similar procedure. The explanation of this phenomenon was considered to be the creation of a zone of refractoriness in the tachycardia pathway upon which the circulating impulse collided. The most common type of circus movement tachycardia which can be initiated by a premature beat is the one showing AV conduction via the AV node. Tachycardias with AV conduction over the accessory pathway are rare (Grolleau et (Fig. 6 ). It has also been shown that in patients with the WPW syndrome the accessory pathway does not have to be incorporated in the tachycardia circuit but that the arrhythmia can be confined to the atrium (Fig. 7) , the AV node (Wellens and Durrer, I974d), or the ventricle (Wellens et al., 1974b) . Methods of establishing the presence or absence of the accessory pathway in the tachycardia circuit have been given elsewhere (Coumel and Attuel, I974; Wellens and Durrer, I974d) . Identification of the location of the tachycardia circuit becomes mandatory if surgical interruption is being considered. Knowledge of its location is also helpful in selecting the appropriate drug for treatment of tachycardia (see below). Lastly, its identification is important if treatment of drug-resistant tachycardia by chronic electrical stimulation is contemplated. This is because the success of the method is influenced by the proximity of the site of stimulation to the tachycardia circuit (Wellens, I97I) .
S. Effect of drugs
Programmed electrical stimulation provides the possibility of studying directly the effect of drugs Mandel et al. (1973) , Rosen et al. (1972), Spurrell, Krikler, and Sowton (i974), Wellens and Durrer (I973a, I974b) , and Wellens (I975).
group.bmj.com on June 22, 2017 -Published by http://heart.bmj.com/ Downloaded from etc.). If a circus movement tachycardia is present, treatment can be divided into a) prophylaxis of tachycardia and b) treatment during tachycardia. Prophylaxis of tachycardia consists of: i) Prevention of the tachycardia-initiating premature beat and 2) reduction of the differences in length of the refractory period of the two AV pathways. Quinidine, preferably given as a long-acting preparation, is still the most effective drug for prevention of the premature beat. Digitalis can reduce the differences in length of the refractory period of the two pathways (Wellens and Durrer, I973a) . Drugs like quinidine or procainamide, by increasing the differences in length of the refractory period of the two pathways, can theoretically widen the range of premature beat intervals during which a tachycardia can be initiated (Wellens and Durrer, 1974b) . In our experience, however, if tachycardias could still be initiated by premature beats following administration of these drugs, the zone of premature beat intervals capable of initiating tachycardia was observed to have shifted to longer premature beat intervals. Since the refractory period and the transmission time of the AV node are not affected, this suggests that premature beats given at intervals shorter than the ones followed by tachycardia meet refractory tissue in the accessory pathway at its ventricular insertion. If a circus movement tachycardia is present the arrhythmia will end if the product ofthe mean conduction velocity of the circulating wave and the mean refractory period of the different components of the tachycardia pathway exceeds the length of the tachycardia circuit (Mines, 1913) . Most drugs have a twofold action. Thus, quinidine and procainamide prolong the refractory period in part of the tachycardia circuit but reduce its conduction velocity. As discussed elsewhere (Wellens, I975) , the final effect of a drug will depend upon the size and the electrophysiological properties of the different components of the tachycardia circuit. If in patients with recurrent attacks of circus movement tachycardia combinations of drugs have to be used, we like to combine a drug with prophylactic value and prolonging action on the refractory period of the accessory pathway (e.g. long acting quinidine) with a drug which prolongs the refractory period of the AV node (e.g. propranolol or verapamil). Under these circumstances it is frequently necessary to determine whether the accessory pathway is really a part of the tachycardia circuit (Wellens and Durrer, I974d) , since a drug which blocks the accessory pathway will immediately end a circus movement tachycardia, but will not interrupt a re-entry tachycardia in the AV node.
Procainamide is the most powerful drug as far as lengthening of the refractory period of the accessory pathway is concerned (Wellens and Durrer, I974b) .
It is the drug of choice if atrial fibrillation or atrial flutter with high ventricular rates supervenes, unless serious haemodynamic problems call for immediate cardioversion. Digitalis can be a dangerous drug in patients with a short refractory period of their accessory pathway. It cannot be categorically stated, however, that the drug is contraindicated in WPW syndrome and atrial fibrillation (Wellens and Durrer, I973a) . It is our opinion that information on the length of the refractory period of the accessory pathway and the changes invoked by digitalis are required before deciding to use the drug. An important point which came out of these drug studies is the time dependency of the effect of drugs. Digitalis exerted its maximal effect 45 minutes after an intra-atrial administration. In most patients the effect of procainamide, quinidine, and ajmaline had disappeared one hour after administration by the same route. The short-lived effect of some of these drugs might explain unsatisfactory control of arrhythmias in patients with the WPW syndrome.
Identification of high risk patients
If an accessory pathway with a short refractory period is present in a patient with the WPW syndrome, atrial fibrillation or atrial flutter can become a life-threatening arrhythmia. Indeed ventricular fibrillation has been reported following the onset of atrial fibrillation (Dreifus et al., I97I) . We have recently completed a study during which we compared the length of the refractory period of the accessory pathway (as determined by the single test stimulus method) with the ventricular frequency during spontaneous or electrically induced atrial fibrillation (Wellens and Durrer, I974c) . A good correlation was found between the length of the refractory period of the accessory pathway and the shortest RR interval and mean ventricular rate during atrial fibrillation. This indicates that it is possible to identify those patients with WPW who are at risk if atrial fibrillation or atrial flutter supervene. At present we do not institute drug therapy in the asymptomatic patient with a short refractory period of his accessory pathway firstly because of the uncertainty regarding the natural history of the electrophysiological properties of the accessory pathway and of the incidence of sudden death in these patients and secondly because of the high incidence of side effects when employing the most potent drugs which lengthen the refractory period of the accessory pathway. We are following these patients carefully and intend to study the properties of their accessory pathway at regular intervals.
7. Postoperative evaluation In selected centres surgical therapy has been successfully performed in patients with the WPW syndrome whose tachycardias cannot be controlled by drug therapy. The necessity of identifying the tachycardia pathway before surgical intervention has already been discussed. In those patients who have circus movement tachycardias with the AV nodeHis bundle pathway incorporated in the circuit, section of the His bundle can result in relief from tachycardia (Dreifus et 
